Abstract-This paper introduces Radio Frequency Microelectromechanical Systems (RF MEMS) devices, including a switch, resonator, filter and antenna for applications that require reconfigurable RF components.
I. INTRODUCTION
Radio-frequency (RF) microelectromechanical systems (MEMS) switches have been developed due to their superior performance, when compared to solid-state switching devices such as p-i-n diode or FETs in the high frequency range. MEMS switches offer low insertion loss, high isolation, low series resistance and provide high linearity due to low intermodulation [1] . RF MEMS applications include phased arrays and reconfigurable apertures for defense and telecommunication systems, switching networks for satellite communications, and single-pole N-throw switches for wireless applications (portable units and base stations) [2] . RF MEMS switches and varactors for low loss switching/routing circuits and X-band (8-12 GHz) to millimeter-wave (mmwave) (30-120 GHz) have seen increasing applications in phase shifters, tunable filters, tunable antennas, and reconfigurable matching networks [3] . This paper presents an RF MEMS switch with high isolation at high frequencies, a reconfigurable RF MEMS filter and a mechanically steerable RF MEMS antenna.
II. RF MEMS SWITCH

A. Background
Isolation is a critical characteristic of MEMS switches, since it separates the on-state from off-state and it also determines the signal loss at the off-state. Therefore a high isolation is required to separate effectively the off-state from the on-state and to reduce the power consumption. There are two basic switches, shunt capacitive type and series contact type and the isolation of the each device depends on a different principle. On-state and off-state of the shunt capacitive switch are determined by the capacitance ratio of the each state. It normally transmits the RF signal through the transmission line (T-line), however it couples the RF signal into the ground electrode when a dc actuation voltage is applied. On the other hand series contact switches have normally an off-state and it is changed to an on-state when contact between top and bottom electrodes occur.
A lot of efforts have been paid to achieve a high isolation of MEMS switches to improve the switch performance [4] [5] [6] [7] . Series contact switches are widely used up to several GHz; however they are not suitable over 50 GHz, since it has poor isolation due to the large coupling capacitor between top contact electrode and the signal line. Most research has been focused on shunt capacitive switches for high-isolation over 50 GHz, since this type of switch can improve the isolation using a high-k material, however shunt capacitive switches require large gaps and large actuation voltages simultaneously [4] .
B. Results
A high-isolation MEMS switch consists of two parts, a top silicon substrate and bottom glass substrate, as shown Fig. 1 . There are top gold contact electrodes which connect the discontinued bottom signal line at on-state and comb electrodes that create a lateral movement of the top high resistivity silicon (HRS) rotor. On the 300 μm thick glass substrate, a 0.42 μm thick gold coplanar waveguide (CPW) line is formed and a 978-1-4673-9492-5/15/$31.00 ©2015 IEEE bottom dc electrode 0.3 μm thick, made with aluminium is defined to pull down the top contact part. The gap between the top contact electrode and bottom signal line was designed as 2 μm. The proposed MEMS contact switch has three states, an initial off-state, intermediate off-state, and contact on-state in order to realize the high-isolation MEMS contact switch over 50 GHz (Fig. 1-(a) ). The intermediate off-state and contact onstate are achieved using lateral and vertical movement, respectively. At the initial state, the top contact electrode is 30 μm distant from the bottom signal line along the x-direction and has a 2 μm gap from the bottom signal line. Thus the switch configuration has a higher isolation when compared to conventional MEMS contact switches whose top contact electrode is just above the signal line at off-state. The lateral movement of the top electrode is achieved by the electrostatic force of the comb and it changes the initial off-state to intermediate off-state ( Fig. 1-(b) ). On-state is realized by applying the voltage to the bottom dc electrode, which leads to the vertical movement and contact between top electrode and bottom signal line ( Fig. 1-(c) ). Fig. 2 shows the fabricated RF MEMS switch consisting of CPW, comb actuator, and contact part [8] . The results show isolation degradation when the contact part moves right over the signal line of the CPW, like an initial off-state of a conventional MEMS switch as shown in Fig. 3 . The isolation and insertion loss are -42.2 dB, -27.5 dB and -1.12 dB, -1.97 dB at 50 GHz and 110 GHz, respectively at the initial off-state and contact on-state. 
III. RF MEMS FILTER
A. Background
Tunable band-stop filters can play an important role in wireless communication receivers. They can be used in adaptable image rejection receivers, or to tune out interfering signals at the RF stage of a receiving communications system [9] , [10] . The proposed tunable RF MEMS filter is designed for continuous fine tuning. Conventional RF MEMS-based tunable band-stop filters have been implemented using MEMS cantilever switches to select different filter states [9] , or MEMS bridges as loading capacitors over coplanar transmission lines [11] . In the design shown in this paper, a new concept for continuous frequency and bandwidth fine tuning using a movable resonator is described, which is able to produce different tuning effects depending on the overlapping region between the main line and the suspended resonator.
B. Results
Fig . 4 shows the working principle, a SEM and optical image of the fabricated filter and the measured results [12] . The left side of Fig. 4(b) shows an optical image of the fabricated filter. The two resonators are identical, with the same initial overlapping region and height with respect to the main transmission line. The two resonators operate at the same time by applying the same bias and actuation voltages. The fabricated gap between the actuator and the transmission line was set to be the same for both resonators. We also confirmed the fabrication results of the filter with a scanning electron microscope as shown in the right side of Fig. 4(b) . Fig. 4(c) shows the S21 measurement according to applied rotor voltages to the comb actuators. When no potential is applied to the stators, the center frequency and rejection ratio are 19.2 GHz and −10.1 dB, respectively, with a 2.8 GHz bandwidth. Applying voltages to the rotor increases the overlapped area, leading to a continuous change in center frequency, bandwidth and rejection ratio at that moment. In case of a 60 V bias voltage, the center frequency moves to 19.0 GHz with a rejection ratio of −14.9 dB, with a 4.6 GHz bandwidth. The center frequency tuning ratio is 1.1% and the 5 dB bandwidth tuning ratio is 64.2%.
IV. RF MEMS ANTENNA
A. Background 60-GHz communications can achieve fast data transfer rates without interference among devices, which enables RF devices to be applicable to the enormous communication market dealing with fast data streams, such as car collision avoidance system [13] , [14] , millimeter-wave video distribution services, home video system, local Internet, and wireless CATV. Among various beam steering methods, the mechanical steering scheme has been paid attention due to its superiority to other electrical steering methods using phase shifters [15] , [16] . The electrical steering scheme using phase shifters is already mature and shows a fast scan speed. However, it requires a number of phase shifters and power amplifiers to obtain a large scan angle, resulting in bigger and more expensive systems [17] - [20] . Even worse, there is an intrinsic phase shifter loss near 60 GHz, and the transmission efficiency is not uniform over various steering angles. Since a mechanical steering antenna can radiate its beam directly, it has a constant RF gain at any scan angle. The absence of multiple phase shifters and amplifiers even at large scan angles makes the mechanical beam steering antenna smaller in size and more efficient in RF capability.
B. Results
Fig . 5(a) shows the fabricated antenna, driven by an external magnetic field, utilizing copper coils in order to get higher deflections than those obtained by using conventional electrostatic forces. The maximum deflection angles are 18.3° (H-plane) and 17.7 ° (E-plane), respectively and the tilting angles are proportional to the applied magnetic field. RF beam patterns are obtained with various tilting angles (Fig. 5(b) ). The scanning angles are -14°, 0°, + 18° (H-plane), -18°, -12°, 0°, +12°, + 16° (E-plane) and the resonant frequency is 59.8 GHz, well matching the designed value of 60 GHz [21] . 
V. CONCLUSIONS
RF MEMS technology allows the implementation of reconfigurable microwave and mm-wave circuits. Switches are basic elements in reconfigurable circuits; a high isolation switch that can be integrated in more complex subsystems or devices has been described in this paper. A band-stop filter and an antenna are reviewed as examples of RF MEMS based reconfigurable components.
